Carbon fiber reinforced polymers (CFRP) are frequently used in aerospace industry. However, the manufacturing carbon footprint and direct cost are obstacles in the way of adopting CFRP in further aerospace structures. Therefore, the development of a combined ecological and economic assessment model for CFRP manufacturing is demonstrated in this paper. This model illuminates the proper developments for the decision-makers. In this work, the eco-efficiency assessment model (EEAM) is developed based on life cycle assessment (LCA) and life cycle cost analysis (LCCA). EEAM is an activity-based bottom-up decision support tool for the manufacturing process of fiber reinforced polymer (FRP). This paper discuses a case study of manufacturing CFRP wing ribs for a modern commercial aircraft as a part of the project LOCOMACHS. Ecological results of EEAM conclude that the carbon footprint of manufacturing wing rib made of CFRP thermoset by the technique of in-autoclave single-line-injection (SLI) is around 109 kg CO 2 -equivalent for each kg of CFRP. Moreover, fiber material is the main contributor in this carbon footprint. On the other hand, the economic assessment shows that the studied rib has a direct manufacturing cost of about 584 €/kg. In these results, labor work dominates the direct cost with 49%, while fiber and matrix compensate about 35%. As an activity-based assessment model, EEAM guides the decision-makers toward sustainable direct applications. It is concluded that direct applications for fiber waste reduction are beneficial for both ecoefficiency aspects. Energy consumption reduction is ecologically beneficial, while labor work reduction on the other hand is cost relevant. In aerospace industry, there is a clear potential for eco-efficient direct applications that satisfy both aspects.
Introduction
In both ecological and economic aspects of sustainability, there is a significant potential for developing the eco-efficiency of aerospace manufacturing process. An eco-efficiency benefit is crucial for enhancing further implementation of carbon fiber reinforced polymers (CFRP) in modern commercial aircrafts. However, this promising implementation of CFRP is confronted by the lack of associated studies that discuss the eco-efficiency of their manufacturing process.
The increasing demand for structures made of CFRP in aerospace industry is enhancing the development of more eco-efficient manufacturing [1] . Within eco-efficiency enhancement, both ecological and economic aspects are involved [2] . Practically, eco-and the reviewed studies. It also discusses the differences between these studies and this one in terms of the industries and manufacturing techniques.
For automotive industry, many studies about the eco-efficiency of CFRP have been published. For instance, Dhingra et al. study has compared the ecological impacts of several materials including CFRP for a "cradle-to-grave" vehicle life cycle. However, neither manufacturing techniques nor unit processes within them are illustrated in that work [8] . Considering the same industry, Kasai paper provides also a comparison between several materials, such as steel, aluminum and fiber reinforced polymer (FRP). Kasai results show the benefit of implementing FRP. However, as a consequential LCA the exact impact value is undetermined. Moreover, Kasai work covers only the ecological impact [9] . Considering economic aspect, Das study describes the cost drivers for the manufacturing process of CFRP precisely. However, his work discusses only the economic impact of liquid compression molding (LCM) in automotive industry [10] .
The eco-efficiency of CFRP manufacturing in aerospace industry has been studied as well. In their work, Shehab et al. have assessed the cost of aircraft CFRP structures. Their paper covers different cost categories for a selection of unit processes including manual layup (ML), vacuum bagging, in-autoclave curing, and quality assurance. Hence, this work discusses a very similar case study. Even though, the results of Shehab et al. work are incomparable to the results of this work, while the structure geometries are different and no cost values are provided by their work [11] . For ML and assembly, Choi et al. work studies the issue of design-to-cost (DTC) based on existing weight and cost estimation tools. Nonetheless, Choi et al. provide no activity-based assessment for the manufacturing process but rather an estimation model for DTC and weight-to-cost. Moreover, structure specifications in their study differ from the wing rib studied in this work [12] . Therefore, the direct comparison between Choi et al. and this work results is insufficient. However, input data such as material costs and work durations can be considered. Moreover, Haffner thesis provides an activity-based technical cost assessment of selected manufacturing techniques for various aerospace structures. Nonetheless, his thesis doesn't study the techniques of in-autoclave liquid resin infusion (LRI) such as single-line-injection (SLI) [13] .
Considering cost estimation based on complexity, the paper of Gutowski et al. provides cost estimation for a set of manufacturing unit processes. However, unlike our work the activity-based estimation in Gutowski et al. study is based only partially on data collection. Moreover, their study estimates mainly the time in a bottom-up approach, whereas no ecological estimation is considered [14] . For modern aircrafts, a similar approach with highly detailed complexity consideration has been adopted by Hagnell et al.. In their work, Hagnell et al. discuss the global production cost of the wing box to which the rib in our work belongs. However, in their work neither the ecological impact nor LRI technique is included [15] .
A study that assesses manufacturing eco-efficiency has been performed by Witik et al.. Their study covers both eco-efficiency aspects for CFRP manufacturing using in-autoclave curing or oven tempering for LCM as well as prepreg. In their work, the manufacturing processes of a simple panel in different techniques are compared. Similar to this paper, their assessment illustrates the cost distribution over the following cost and carbon footprint drivers including materials, labor, equipment, ancillaries and energy [2] . However, several input parameters vary between Witik et al. study and this study.
Although CFRPs can be implemented in many industries the key behind their eco-efficiency impacts is affiliated with the holistic manufacturing process and not only the material itself. Therefore, it is concluded that eco-efficiency of aircraft wing rib manufacturing is only comparable with CFRP structures from other industries if the manufacturing processes are identical. Hence, the identification of these manufacturing processes, their input parameters, and their system boundaries is crucial for the assessment. This can be also clearly concluded from the significant cost differences of similar CFRP structures from different industries. For evaluation, the results of Hagnell et al., Das, Haffner, Gutowski et al., and Witik et al. are compared with the results of this paper.
Methods
In order to enhance the eco-efficiency, it is essential to investigate, develop, and implement suitable decision support tools that assess the ecological and economic performance of the studied process. Generally, there are several decision support tools that can be applied. LCA is adopted in this study due to its systematic framework. Furthermore, LCCA is integrated within the framework of LCA in order to have a comprehensive eco-efficiency decision support tool [16] . In order to have an adequate description of manufacturing process, a modeling method is required. Therefore, LCA and LCCA are performed within a representative process model that is developed by the application of business process reengineering (BPR). Thus, within this work an integrated framework of LCA and BPR is established.
LCA and LCCA
LCA is a support tool that provides decision-makers with ecological development guidelines. LCA aims to identify the associated ecological impact by a set of environmental performance indicators. This ecological impact can be assessed for a product as a functional unit or a process as a product system. The impact results should be gathered for defined ecological impact categories such as the climate change.
Both LCA and LCCA are key tools in promoting the ecoefficiency of a product system [18] . Based on LCA, LCCA analyzes the cost of a product system. It evaluates the economic performance within the product life cycle by a set of economic indicators. Performing LCCA guides the decision-makers to select the Table 1 Comparison of LCA and LCCA, based on [17] and [18] . most cost effective alternatives and identify the required process modification [17] . Despite the fact that LCCA is based on LCA, they are considered as diverse decision support tools, due to their various goals and perspectives. These tools provide the support to solve completely different problems [18] . Thus, differences and similarities between these tools can be analyzed in a systematic comparison that is based on their common framework phases, as it is demonstrated in Table 1 .
As it is shown in Table 1 , LCA is performed through an iterative framework that consists of discrete phases. The first phase in this framework includes defining the goal and scope of the assessment as well as its system boundary. The second phase is the life cycle inventory analysis (LCI) in which the associated data from the assessed process are collected. Life cycle impact assessment (LCIA) is the third phase in this framework. LCIA is resulted from the assessment. The assessment results guide the decision-makers to the proper direct applications. However, the direct applications themselves are beyond the scope of the LCA. In the final interpretation phase, all previous phases are evaluated and the required modifications in each one are performed [17] . Table 1 explains the different goals and scopes of LCA and LCCA. It also illuminates the miscellaneous results which are compiled from the various indicators of both sides. Elementary and intermediate flows are the measurable parameters within the data collection in LCI. On the one hand, elementary flows are defined as the relevant inputs entering or outputs leaving the entire studied product system. Elementary flow can be either energy or material, while in this study we consider labor work as a form of energy. On the other hand, intermediate flows include any product, material, or energy that flows between the unit processes within the same system [17] .
Considering the cost assessment, there are several other models which might be implemented in undertaking LCCA, such as material flow cost accounting (MFCA) [19] and activity-based costing (ABC) [2] . These models have a common bottom-up approach. Technically, LCA guides the decision-makers to select the suitable direct applications and comparing different scenarios. It can be used to provide comparable non-absolute values within what is called consequential LCA as well [18] . On the other hand, cost models are mainly implemented to determine exact values within what can be considered as attributional LCCA [20] .
Generally, in LCA a product life cycle includes all product stages from raw material to final disposal. This physical life cycle, which is also known as cradle-to-grave, can be split into several gateto-gate stages [17] . Even though, the definition of life cycle stages differs from economic and ecological perspectives. Considering the durability and sustainability, a holistic eco-efficiency life cycle has been established. This eco-efficiency life cycle is illustrated in Fig. 1 .
In Fig. 1 , activities of both sustainability and durability are associated with the defined stages. Hence, this paper demonstrates the assessment of structure manufacturing from refined materials as a gate-to-gate simplified LCA, as it is unshaded within Fig. 1 .
In this work, the ecological impact category of climate change is assessed by determining the carbon footprint [5] . Beside carbon footprint, manufacturing direct cost is assessed for the economic aspect. Generally, bottom-up models are implemented in realizing a gate-to-gate assessment of economic or combined eco-efficiency impacts [19] . For such activity-based assessment, sufficient process modeling method and framework are crucial. In practice, the correlation between LCA as well as LCCA on the one side and the process modeling on the other side already exists. However, it has been concluded that a clear framework for process modeling that covers both visualization and parametrization is decisive for the eco-efficiency assessment [18] .
Process modeling
For activity-based eco-efficiency assessment, a modeling framework is required. This framework should enable the development of a computer-based model. In its framework, LCA contains only general guidelines for the calculation procedures and system boundary modeling [17] . LCA framework needs to be integrated with a suitable modeling framework such as the BPR. According to Champy and Cohen, BPR is defined as a fundamental redesign and rethinking of a business process. It aims to achieve the required development by measuring the performance including cost, quality, and time [22] . Practically, process modeling is a core dimension of LCA [17] . Furthermore, implementing BPR facilitates the combination of both eco-efficiency aspects in one comprehensive process model. It also enables the process modification and redesign to evaluate the direct applications.
In this paper, the realization of eco-efficiency model for the manufacturing process is carried out through the BPR within LCA framework. Therefore, an integrated framework that includes LCA, BPR, and manufacturing decision support has been developed, as it is shown in Fig. 2 . This framework aims to facilitate handling the eco-efficiency assessment models particularly in manufacturing. This integrated framework starts from defining the assessment goal and scope based on the reality [23] . Then the real problems are clearly defined [17] . These real problems are analyzed through the LCI to build a conceptual model that represents them virtually [24] . From this conceptual model a computerized model is to be formulated by representative mathematical algorithms [23] . For the selected impact categories, these mathematical algorithms realizes the LCIA and computes its results [17] . For each elementary flow, its impact can be represented by the following simplified equation:
From these results, decisions for sustainable development are to be generated. These decisions can be implemented in reality as direct applications [17] .
In its framework, LCA includes an iterative interpretation and evaluation phase. This integrated framework consists of validation stages as they are shown with dashed lines in Fig. 2 . The generated computerized model is validated through the qualification of conceptual model to reality as well as verification between both conceptual and computerized models [24] . Furthermore, the generated decision can be validated with reality as well [23] . Similar to the conventional frameworks, this decision support framework is applied as a continuous iterative development loop.
Eco-efficiency assessment model (EEAM)
In practice, decision support tools can be realized in the form of software based on LCA framework [25] . Ganzheitliche Bilanz (GaBi) for instance, which is a German term that means holistic balance, is decision support software that is developed by the University of Stuttgart in Germany. This tool provides ecological assessment for the entire life cycle of a product. Another example is Umberto software that assesses both ecological and economic impacts. Within Umberto, manufacturing processes can be modeled and the associated elementary flows can be allocated [26] . System for integrated environmental assessment of products (SimaPro) is another worldwide known LCA software that covers the entire life cycle [27] . These assessment software packages depend on universal ecological databases. These databases are continuously updated based on the results of associated assessments [28] . These tools are able to cover the entire life cycle as well as a wide range of ecological impact categories such as climate change, human health, resources, and ecosystem quality [5] .
This paper presents the results generated by the eco-efficiency assessment model (EEAM). Based on the integrated framework, EEAM is developed by the German Aerospace Center (DLR). EEAM is a bottom-up and activity-based carbon footprint and direct cost assessment model. It assesses only the manufacturing process as simplified gate-to-gate LCA [17] . On the one side, EEAM is similar to other existing tools as an eco-efficiency decision support model that covers both ecological and economic impacts. This model is designed to handle the manufacturing of FRP in specific. EEAM has the advantage of offering detailed assessment. It is also adaptive for various manufacturing techniques of numerous FRP structures.
Case study: eco-efficiency assessment of CFRP wing rib manufacturing
By EEAM, the eco-efficiency of wing rib manufacturing is assessed in this work. After defining the wing rib as a functional unit and the manufacturing unit processes within a clear system boundary, the included elementary and intermediate flows are determined. Then, the manufacturing process is modeled and visualized. LCI is performed to collect the data for the parametrization. As a part of LCIA, EEAM results facilitates the detection of the manufacturing bottlenecks. This assists the decision-makers in identifying the proper development as direct applications.
System boundary definition
In aerospace industry, load transmitting structures such as wing ribs are considered as complex composite structures [1] . In this paper, an aircraft wing rib made of CFRP is studied. As it is shown in Fig. 3 , this rib has the configurations of about 1.35 m length, 0.29 m height, 0.05 m depth, 3.2 kg mass, and 0.008 m skin thickness. The CFRP rib is manufactured by the technique of in-autoclave SLI and a ML preforming process. Within the LOCO-MACHS project, the application possibilities of such ribs are studied for a modern commercial aircraft [29] . plemented include non-crimp fabrics (NCF), thermoset epoxy resin as matrix, and other ancillary materials such as tacky-tape, vacuum bags, adhesive tapes, acetone, release agents, and different types of gloves. In this paper energy is defined to be the energy mix that is used in electricity form. In practice, wing ribs have been manufactured in DLR laboratories within very low production volume. However, the equipment utilization is calculated for industrial scale with consideration of affiliated maintenance costs.
Mold cost distribution has been adjusted to match industrial series production as well.
Beside the technical boundary, the definition of system boundary describes the geographical and temporal boundaries of the studied process [17] . After defining the technical, geographical, and temporal boundaries, the manufacturing process is visualized.
Process visualization
Within the simplified LCA, manufacturing process of CFRP is defined as a product system that consists of several unit processes. These unit processes have quantifiable input parameters as elementary and intermediate flows [17] . Process outputs on the other hand represent the assembly-ready CFRP structure and process eco-efficiency impact. Ecological and economic inputs as well as outputs are generically categorized and described, as it is shown in Fig. 4 . [17] . However, in this case study, these flows are considered for both eco-efficiency aspects. Hence, the material flow is split into three categories that consist of fiber, matrix as well as ancillaries. The ancillaries have been defined to be materials that are utilized to perform the process without being an element of the final structure [17] . To cover LCCA, labor and equipment inputs have been taken into account as well. Beside the CFRP structure, the product system outputs comprehend the carbon footprint, direct cost as well as material waste. Material waste consists of the wasted fiber and matrix materials.
Generally, the manufacturing cost composes of direct and indirect costs [30] . In this study, only the direct manufacturing cost is assessed. Direct cost includes fiber and matrix materials, labor work, equipment operation, ancillaries, and energy. However, due to the minor impact it shows in previous studies, facility rent cost is neglected in this work. Although the total carbon footprint and direct cost include the waste impact, waste is displayed separately for the decision-makers.
In this case study, the in-autoclave SLI and ML manufacturing technique of CFRP is split into a chain of discrete unit processes, as Fig. 5 shows. This separation between the studied unit processes facilitates an independent assessment of each unit process. It also enables the development of proper direct applications for them. As it is demonstrated in Fig. 5 , these unit processes are correlated with each other through intermediate flows [17] .
Within this visualization, allocation rules have been defined and implemented as Fig. 5 shows. These rules specify in which unit process each elementary or intermediate flow is to be considered. CFRP manufacturing model illustrates the unit processes from fiber cutting by CNC cutter all the way to the wing rib finishing. In preforming, the fiber cuts are draped on mold and formed by applying heat and pressure. Preparing unit process meant to include the preparation of mold, infusion system, autoclave as well as vacuum bagging. Infusion consists only of the infiltration process where the matrix material is allocated. In curing, autoclave is implemented to consolidate the impregnated preform. While the unfinished structure is released within demolding, finishing includes the machining, trimming, and cleaning to produce an assembly-ready CFRP structure. Based on the process visualization, the associated process parameters are collected within LCI.
LCI
After visualizing the process and defining the associated parameters, these process parameters are collected within the LCI. In Table 2 , examples of such collected data from manufacturing wing rib at DLR are shown. For the discussed unit processes, these input parameters include the main elementary flows for both eco- Table 2 , the demonstrated parameters include the used electricity, fiber, matrix, and their wastes. Table 2 also shows the operation duration of autoclave and CNC cutter as well as the labor work hours. The electricity amount represents the summation of all electrical energy used throughout the manufacturing of a rib divided by the rib mass. Similar to that approach, fiber, fiber waste, matrix, and matrix waste are measured from the entire manufacturing. In Table 2 , equipment operation and labor work time are also measured and calculated for each kg of wing rib.
Characterization factors are collected within the LCI according to the system boundaries. Selections of ecological and economic characterization factors are illustrated within Table 3 and Table 4 respectively. A selection of ecological characterization factors, their CO 2 -equivalents, their orientation within elementary flows, as well as their temporal boundaries are shown in Table 3 . On the other hand, a selection of cost associated parameters based on DLR internal EEAM-database from 2015 is shown in Table 4. As it is mentioned previously in the simplified equation, LCIA is performed to assess the eco-efficiency impact. LCIA is based on these process parameters and characterization factors which are gathered within the LCI. To accomplish an eco-efficiency assessment in this study, the carbon footprint and direct cost are computed by EEAM.
Computer-based EEAM
As a LCIA tool, EEAM communicates with the different data sources required to calculate the carbon footprint and direct cost. Besides assessing the total impact, EEAM assesses the carbon footprint and direct cost of each unit process and elementary flow. Based on the integrated framework, the functionality of EEAM is summarized within Fig. 6 .
From LCI, the collected process parameters are categorized within generic structure of input data. Due to the scope definition of FRP manufacturing process as a set of unit processes, data from each unit process are collected in separated Excel-spreadsheets.
As user friendly model, EEAM user has confined tasks that include distributing the Excel-spreadsheet on each unit process. As   Fig. 6 . Functionality of EEAM. a part of LCI, the user documents the process parameters in these sheets based on the system boundary definition in Fig. 5 . In practice, such Excel-spreadsheet facilitates the data collection task for the field workers. This spreadsheet is structured generically as a table of inputs from all unit processes. It is adaptable for various manufacturing techniques of different FRP structures. Finally, the user needs to activate EEAM, whereas no extra process modeling is required. Moreover, the user can optionally update the characterization factors. In Fig. 6 , these user tasks are illustrated with solid arrows.
After filling the spreadsheets with data, EEAM collects these data under defined flow categories including materials, labor, equipment, ancillaries and energy. On the other hand, FRP associated ecological and economic characterization factors are gathered from literatures, suppliers, and internal studies. Examples of these characterization factors have been presented previously in Table 3 and Table 4 . These characterization factors are automatically uploaded within EEAM-database and synchronized in each assessment to have up-to-date results. Based on previous studies, about 330 process parameters within clearly distinguished categories are listed in the EEAM-database and integrated in the spreadsheets. These studies include for example processes deduced from internally assessed manufacturing of FRP structures such as aircraft wing leading edge, L and T-shaped FRP structures, FRP pressure vessels, as well as wind rotor blades.
In EEAM the assessment is conducted through the correlation between the spreadsheets and the EEAM-database by a pythonbased tool. This tool connects the spreadsheets, collects the inputs from them, synchronizes these inputs with EEAM-database, and calculates the outputs. As a LCIA tool, EEAM reports the carbon footprint and direct cost results statistically and visually. In case of a new process parameter, EEAM adds this input to EEAM-database and integrates it into a new up-to-date version of the Excelspreadsheet. As they are shown with dashed lines in Fig. 6 , these computer-based activities are performed automatically whenever an assessment is activated in EEAM.
Based on EEAM results, developments can be suggested by decision-makers in the form of direct applications. Direct applications can include any eco-efficient management or technical developments. The impact of such direct applications can be estimated within EEAM as well. EEAM anticipates the benefit of such developments in both eco-efficiency aspects. Fig. 7 describes generically the possible impact behaviors of direct applications on ecoefficiency. Fig. 7 illustrates the benefit of direct applications in two main fields. These benefit fields include the eco-efficiency field which serves both aspects and a single aspect dedicated field. To enable interchangeable generic illustration, (x) curve can represent the ecological aspect when (y) curve is the economic aspect and vice versa. For clarification, three generic imaginary direct applications are represented by (1), (2), and (3). These direct applications which have different eco-efficiency impacts can be applied as process modifications to a conventional process (A). Moreover, the benefits of these direct applications are shown for both aspects on the vertical axes. Generally, for aspect (x) in Fig. 7 the benefit is increasing by the direct applications (1), (2) , and (3) respectively. However, regarding the benefit in aspect (y) these direct applications have different impact behaviors. While direct applications (1) has positive benefit impacts on both (x) and (y) aspects, it is considered in the eco-efficiency benefit field. Compared to direct application (1), the direct application (2) has an increasing benefit for (x) and no change in benefit on (y). The direct application (3) increases the benefit impact on aspect (x) but decreases the benefit impact on (y) compared to the prior (1) and (2) direct applications.
However, as generic illustration neither the value nor the correlation of the curves in Fig. 7 is relevant. Furthermore, examples for direct applications are selected based on the results from EEAM in this work and applied to this generic illustration. This illustration assists decision-makers in classifying possible direct applications based on their eco-efficiency impacts in order to enhance the proper applications.
Results
EEAM calculates both carbon footprint and direct cost results for the assessed process. For carbon footprint, results are calculated in CO 2 -equivalent per each kg of CFRP wing rib [17] . On the other hand, direct cost impact is compiled in Euro (€) per each kg. In addition, fiber and matrix wastes are displayed in order to illuminate more eco-efficient developments [25] . Within a report, the exact values of carbon footprint and direct cost are presented to the decision-makers.
Ecological assessment in EEAM
From the ecological results it is concluded that the carbon footprint of manufacturing each kg of CFRP wing rib is around 109 kg CO 2 -equivalent. It is also found that fiber and electricity are the main contributors in carbon footprint, as it is shown in Fig. 8 . Furthermore, the impact of these elementary and intermediate flows is reflected within the associated unit processes. As a result of the allocation of these flows, the highest impact appears in the unit processes where fiber and energy are allocated, as it is shown in Fig. 9 . It is obvious from Fig. 9 that the cutting has the highest impact, whereas the fiber is allocated in this unit process. This impact is mainly a result of the selected NCF type which has a high CO 2 -equivalent, as it is shown in Table 3 . As the highest energy consuming, curing represents the second unit process in producing carbon footprint. Due to the manual work, demolding and finishing have negligible ecological impact.
Considering wasted fiber and matrix, these wastes contribute in about 36% of the total carbon footprint. About 50% of the utilized fiber material is wasted in cutting due to the shape complexity of fiber cuts. Matrix waste represents about 23% of the used matrix in infusion.
Economic assessment in EEAM
The manufacturing direct cost of assembly-ready wing rib is about 584 € per kg. EEAM results show that labor cost constitutes with almost the half of the manufacturing direct cost, as it is shown in Fig. 10 . Fiber and matrix compensate about 35% of the cost impact. Moreover, Fig. 11 demonstrates the cost distribution among the manufacturing unit processes, whereas the allocation of elementary and intermediate flows plays again the main role in this distribution. Again play fiber and fiber wastes a significant role in cutting cost, whereas half of fiber cuts are wasted. Labor cost is distributed unequally among all the unit processes. It has a significant cost impact on preforming and preparing due to the ML, vacuum bagging, as well as mold and autoclave preparation. Equipment cost is significant in curing due to the autoclave application. It has also a clear impact in cutting, while the CNC cutter is utilized.
From EEAM results, the eco-efficiency performance of the manufacturing process in general and the unit processes in specific is presented to the decision-makers. These results facilitate the identification of the process bottlenecks in order to develop suitable direct applications.
Discussion
Both ecological and economic aspects of EEAM results for CFRP wing rib manufacturing are reviewed here. Based on this revision, further suitable developments are suggested as direct applications. The impacts of these direct applications are anticipated for decision support purposes. Finally, the assessment results are evaluated by performing a set of validation activities.
Results revision and possible direct applications
From analyzing the compiled results, it is concluded that fiber and energy dominate the carbon footprint. Due to the high CO 2 -equivalent of the selected fiber for aerospace structures, fiber has the highest ecological impact. Energy is highly consumed by autoclave in curing. This consumption depends on the process duration and curing cycles. By implementing proper direct applications, eliminating fiber waste can avoid about 36% of the total carbon footprint and reduce about 17% from the total direct cost. The significant fiber waste is a result of the shape complexity of fiber cuts. This complexity disables an efficient cutting that is based on the correlation between the fiber cuts orientation and the CNC cutter capacity. Moreover, about 26% of the manufactured unfinished wing rib is wasted. This CFRP waste is produced in the machining and trimming work within the finishing unit process.
By EEAM, decision-makers can evaluate their direct applications. To achieve more eco-efficient process, decision-makers should enhance direct applications which are beneficial for both aspects. In aerospace industry there is still a significant potential for eco-efficiency developments such as direct application (1) in Fig. 7 . Whereas, the maturity of manufacturing process is lower than other industries such as automotive industry.
As an example of direct application (1), waste reduction plays a decisive role in the future of CFRP implementation. For instance, eco-efficient cutting, infusion, and finishing solutions are required. Hence, the cost and carbon footprint can be simultaneously reduced by the waste reduction in these unit processes.
Other direct applications can serve a single aspect, which are generically represented by direct application (2) in Fig. 7 . In prac-tice, the impact on economic and ecological aspects differs when it comes to energy reduction. On the one hand, reducing the energy consumption leads to a minor cost reduction. On the other hand, this energy reduction decreases the carbon footprint significantly. Therefore, energy reduction can be represented by the direct application (2), when (x) is the ecological aspect. For economic aspect, labor work reduction represents a beneficial direct application. Practically, labor work reduction has no impact on the ecological aspect. In Fig. 7 , labor work reduction can be also represented by the application (2), when (x) is the economic aspect.
Considering (x) as the ecological aspect, the in Fig. 7 showed direct application (3) represents the example of applying environmentally friendly fiber that has a higher direct cost. On the other side, direct application (3) can be the implementation of highly automated process as well. Such automated process can have a lower direct cost but a higher carbon footprint. In this case the curve (x) represents the economic aspect.
Based on the results of this work as well as the knowledge about aerospace industry, wide range of eco-efficient direct applications can be enhanced. They include not only eco-efficient technical but also management developments. Practically, decisionmakers can still favor applications that are beneficial for one ecoefficiency aspect regardless of their impact on the other one based on the situation.
Results evaluation
In order to ensure the reliability of the compiled results, these results are validated. Based on the qualification of conceptual model, process model has been adjusted iteratively to reach a sufficient representation for the real manufacturing process. The second step is to check the holism of the report that is generated by the EEAM-python-tool based on the collected data.
In LCA, the evaluation includes completeness and sensitivity checks [17] . Completeness check examines the availability and entirety of the data. As it is shown previously in Fig. 6 , the EEAM is based on field data collection, literatures, data from suppliers, as well as previous internal studies. Within LCI the data are collected from identical manufacturing events for ten wing ribs. For real field data, data unavailability within the system boundary represents a minor problem.
Furthermore, sensitivity check is performed by comparing the results of this work to the previously reviewed studies. Witik et al. results show similar economic behavior. However, comparing Das results from automotive industry with aerospace industry results illuminates significant differences between the manufacturing cycles time which leads to an enormous cost difference. Hagnell et al. have studied several assembly cases for the entire wing box. In these cases, the wing ribs are constantly handled, where the study focuses on the differences between assembly scenarios. For low production volume, Hagnell et al. work shows a close result.
The results of both Gutowski et al. and Haffner studies differ from the results of this work due to the variation in temporal, geographical, as well as technical system boundaries. The results of the majority of discussed literatures and this work vary remarkably. Therefore, this paper can contribute with its results in illuminating new detailed perspectives in assessing the eco-efficiency of manufacturing complex CFRP structures such as wing ribs in aerospace industry.
Conclusion
This paper presents the case study of assessing aircraft wing rib structure made of CFRP for a modern commercial aircraft. The assessment is performed within an integrated LCA and BPR framework for decision support in manufacturing. For FRP manufacturing processes, the computer-based EEAM is developed as a decision support tool. In this paper, EEAM assesses CFRP manufacturing performed by the in-autoclave SLI and ML technique at DLR. Considering existing associated literatures, the results of some literatures vary remarkably from this paper due to the distinction in manufacturing techniques and system boundaries. Other literatures conclude similar results which validate the results of this work.
The results of this work illuminate possible direct applications for the decision-makers. Lean manufacturing is an example of such management tools. On the other hand, advanced technologies for reducing the fiber waste during cutting are also needed. Moreover, energy consumption within curing can be significantly reduced. This might be achieved by more efficient autoclave utilization through reducing the curing cycle time and manufacturing multi ribs simultaneously in each cycle. Fiber and matrix waste can be also reduced by minimizing the machined part in finishing. Furthermore, implementing more automated processes can lead to a reduction in labor cost. In aerospace industry, certifications and regulations should be considered in such direct applications.
A gate-to-gate assessment of carbon footprint and direct cost of manufacturing process is a cornerstone in performing a cradleto-grave assessment. Such a cradle-to-grave eco-efficiency assessment is crucial for the future of the CFRP implementations in aerospace structures. In practice, huge efforts are required for data collection in an activity-based eco-efficiency assessment. Moreover, precise system boundary, unit process definition, and elementary flow allocations are crucial and effortful. Therefore, data collection can be enhanced through the implementation of smart measurement systems that reduces the LCI efforts in eco-efficiency assessment.
